To clarify the involvement of seven Arabidopsis homologs of rat L-gulono-1,4-lactone (L-GulL) oxidase, AtGulLOs, in the biosynthesis of L-ascorbic acid (AsA), transgenic tobacco cells overexpressing the various AtGulLOs were generated. Under treatment with L-GulL, the levels of total AsA in three transgenic tobacco cell lines, overexpressing AtGulLO2, 3, or 5, were significantly increased as compared with those in control cells.
1,2)
AsA is synthesized by plants and by all animals except for primates, guinea pigs, bats, and some birds. In animals, AsA is synthesized in the liver or kidney from D-glucose through intermediates D-glucuronate and L-gulono-1,4-lactone (L-GulL).
3) Microsomal L-GulL oxidase (GulLO) oxidizes L-GulL to produce AsA as the final step in the biosynthesis of AsA. 4) In contrast, in higher plants AsA is synthesized mainly from hexose phosphates via a D-mannose/L-galactose (D-Man/L-Gal) pathway, which proceeds via GDP-D-Man, GDP-L-Gal, L-Gal, and L-galactono-1,4-lactone (L-GalL). 1, 2, [5] [6] [7] [8] In the final step of this pathway, L-GalL is oxidized to AsA, a reaction catalyzed by L-GalL dehydrogenase (GalLDH), located in the mitochondria. 9) There is growing evidence that other pathways in plants contribute to the maintenance of AsA pools. Wolucka and Van Montagu 10) found a difference between the observed and the predicted equilibrium constant of GDP-D-Man-3 0 ,5 0 -epimerase (GME), which led to the identification of GDP-L-gulose as the 50 epimerization product of the reaction. They proposed the hydrolysis of GDP-L-gulose, resulting in the production of L-gulose, which can be converted to L-GulL. It has also been reported that overexpression of a purple acid phosphatase gene, AtPAP15, involved in myo-inositol metabolism, resulted in a 2-fold increase in the AsA content of Arabidopsis, 11) suggesting that the myoinositol pathway also operates in plants. It is believed that the oxidation of L-GulL to AsA is the final step in these alternative pathways. Constitutive expression of the rat (Rattus norvegicus) gene encoding GulLO (rGulLO) caused significant increases in the levels of AsA in lettuce, tobacco, and potato plants. [12] [13] [14] In addition, the activity of GulLO has been found in the mitochondrial fractions of potato tuber cells. 10) Previously, we found that GalLDH has no activity toward L-GulL, suggesting that plants have different genes encoding GulLO, 15) but the gene encoding GulLO in plants has not yet been isolated and characterized. A search for the Arabidopsis homologs of rGulLO genes, AtGulLO, in the National Center for Biotechnology Information Data Base (http://www.ncbi.nlm.nih.gov/) showed that the Arabidopsis genome contains a family of closely related genes 23-28% identical to rGulLO; AtGulLO1 (At1g32300), AtGulLO2 (At2g46750), AtGulLO3 (At5g11540), AtGulLO4 (At5g56490), AtGulLO5 (At2g46740), AtGulLO6 (At2g46760), and AtGulLO7 (At5g56470). The amino acid sequences of the AtGulLO proteins showed more than 44% identity. To clarify the involvement of seven AtGulLOs in the biosynthesis of L-ascorbic acid (AsA), here we generated Escherichia coli (E. coli) cells and tobacco cells expressing the various AtGulLOs.
Vectors for the generation of the transgenic cells were constructed using Gateway cloning technology (Invitrogen, Carlsbad, CA). The cDNAs encoding the open reading frames of the AtGulLOs were cloned into a donor vector, pDONR201, and then recloned into the destination vector, pGWB24, in which AtGulLO protein was expressed under the control of the cauliflower y To whom correspondence should be addressed. Tel/Fax: +81-742-43-8083; E-mail: shigeoka@nara.kindai.ac.jp Abbreviations: AsA, L-ascorbate; ALO, D-arabinono-1,4-lactone oxidase; DHA, dehydroascorbate; L-GalL, L-galactono-1,4-lactone; GalLDH, L-galactono-1,4-lactone dehydrogenase; L-Gul, L-gulono-1,4-lactone; GulLO, L-gulono-1,4-lactone oxidase mosaic virus 35S promoter. The -glucuronidase (GUS) and rGulLO genes were also cloned into pGWB24 as negative and positive control respectively. The specific primers with attB1 and attB2 sequences were as follows:
. Agrobacterium tumefaciens (strain C58), transformed with constructs obtained by electroporation, was used to infect BY-2 cells through co-cultivation using a modified version of the procedure reported by Gu and Verma.
16) The transformed BY-2 cells were selected on modified Linsmaier and Skoog's medium containing hygromycin (20 mg/ml) and carbenicillin (250 mg/ml).
17)
Semi-quantitative reverse transcription-PCR (RT-PCR) analysis was performed following Maruta et al. 18) Total RNA was semi-automatically purified from leaves of Arabidopsis plants using a QuickGene RNA cultured cell Kit and QuickGene-Mini80 (Fujifilm, Tokyo). First-strand cDNA was synthesized using reverse transcriptase (ReverTra Ace; Toyobo) with an oligo dT primer. These analyses were performed following the manufacturers' instructions. The specific primers for RT-PCR are shown in Table 1 . AsA and dehydroascorbic acid (DHA) were measured as described by Maruta et al.
8) The transgenic cells (0.5 g wet weight) frozen in liquid N 2 were ground using a mortar and pestle with 5 ml of 6% v/v HClO 4 , and were centrifuged at 10;000 Â g for 10 min at 4 C. A 100-ml aliquot of the leaf extract obtained was added directly to 900 ml of a 200 mM succinate buffer (pH 12.7, adjusted with NaOH) in the spectrophotometer. The final pH was very near 6.0. A 265 was immediately recorded, and was recorded again 5 min after the addition of 5 units of AsA oxidase from Cucurbita spp. (Wako, Osaka, Japan). For determination of total AsA, the leaf extract was adjusted to pH 6.0 with 1.25 M K 2 CO 3 and centrifuged at 10;000 Â g for 5 min. The supernatant was incubated with 10 mM dithiothreitol (DTT) dissolved in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-KOH buffer, pH 7.5, for 30 min at 25 C. A 100-ml aliquot of the solution was added directly to 900 ml of 200 mM succinate buffer (pH 6.0) in the spectrophotometer. The resulting solution was assayed as described above. The difference between the total AsA and AsA contents was taken to be the DHA content.
First, to investigate the enzymatic properties of AtGulLOs, we cloned the entire ORF of AtGulLOs into pET16b or pCold II to produce recombinant proteins fused with a His-tag in E. coli. However, we failed to amplify the cDNA of AtGulLO1, 6, and 7 by RT-PCR using an Arabidopsis cDNA library. Moreover, the transcripts of AtGulLO1, 6, and 7 were not present in the current EST collections. These findings suggest that AtGulLO1, 6, and 7 are not expressed in Arabidopsis plants. The recombinant forms of AtGulLO2, 3, 4, and 5 were hence produced in E. coli BL21 (DE3) pLysS cells following Maruta et al., 8) but no recombinant protein from an AtGulLO gene was expressed in the E. coli cells, which is consistent with the finding that no recombinant rGulLO was expressed in E. coli cells (Nishikimi and Inai, personal communication). Hence, we generated transgenic tobacco BY-2 (Nicotiana tabacum Bright Yellow-2) cells overexpressing AtGulLO2, 3, 4, and 5.
We checked the transcript levels of rGulLO and AtGulLOs in the transgenic cell lines at 5 d of subculture under growth conditions. The transcripts of rGulLO and AtGulLO2-5 were detected in the respective transgenic cells overexpressing rGulLO and AtGulLO2-5 (OxrGulLO and Ox-AtGulLOs) respectively (Fig. 1) . The growth rates of the Ox-rGulLO and Ox-AtGulLOs cells were similar to those of the control cells (transformed with the GUS gene) (data not shown), suggesting that the expression of rGulLO and AtGulLO2-5 has no effect on the growth of BY-2 cells.
Next, we determined the levels of AsA and DHA in transgenic BY-2 cells at 5 d of subculture under normal growth conditions. No difference was observed in the levels of total AsA among the control, Ox-AtGulLOs (2, 3, 4, and 5), and Ox-rGulLO cells under normal conditions. Treatment with L-GulL (10 mM) for 48 h enhanced the levels of total AsA in all the cell lines (Fig. 2) . However, a significant effect of L-GulL on total AsA levels was observed in the Ox-rGulLO, Ox-AtGulLO2, Ox-AtGulLO3, and Ox-AtGulLO5 cells as compared with the control and Ox-AtGulLO4 cells. On treatment with L-GulL, the levels of total AsA in the Ox-AtGulLO2, Ox-AtGulLO3, and Ox-AtGulLO5 cells were similar to those in the Ox-rGulLO cells (Fig. 2) . There was no significant difference in the redox state of AsA (reduced AsA/total AsA) in the control, Ox-rGulLO, and Ox-AtGulLOs under treatment with and without L-GulL (data not shown). This suggests that the activity of GulLO is enhanced in Ox-AtGulLO2, Ox-AtGulLO3, and Ox-AtGulLO5 cells as well as in Ox-rGulLO cells, and that AtGulLO2, AtGulLO3, and 19) we found that AtGulLOs (1, 2, 3, 5, and 6) as well as rGulLO contained a non-covalent FAD-binding domain at the N terminus and an ALO domain at the C terminus which was specific for Darabinono-1,4-lactone oxidase (ALO), which is involved in the final step of the D-erythroascorbic acid-biosynthetic pathway in yeast. 20) On the other hand, AtGulLO4 and AtGulLO7 lacked an ALO domain and an FADbinding domain respectively. These findings and the data presented here suggest that AtGulLO4 has no GulLO activity due to lack of the ALO domain. The occurrence of transit peptide and cleavage sites in the deduced amino acid sequences of all AtGulLOs was predicted by the TargetP prediction program (http: //www.cbs.dtu.dk/services/TargetP/). Thus AtGulLO2, 5, and 7 occur in the mitochondria, and AtGulLO1, 3, 4, and 6 are part of the secretory pathway.
It has been found that treatment with methyl jasmonate (MeJA), a plant hormone involved in the response to abiotic and biotic stress, enhanced the levels of AsA and the transcript levels of the GulLO homolog in tobacco BY-2 cells, suggesting that these pathways via AtGulLOs operate in plants under stressful conditions. 21) On the other hand, using the Genevestigator Arabidopsis microarray database, 22) we found that the transcripts of AtGulLO2 and 5 are present at much higher concentrations than the transcripts of the other AtGulLO genes in Arabidopsis plants, and are highly expressed in young leaves as compared to old leaves. It has been reported that AsA is essential for the growth of Arabidopsis seedlings.
23) Therefore, it is conceivable that pathways via AtGulLOs contribute to the growth of the seedlings. As described above, constitutive expression of rGulLO caused a significant increase in the levels of AsA in lettuce, tobacco, and potato plants. [12] [13] [14] Accordingly, overexpression of AtGulLO2, 3, or 5 appears to be useful for the generation of transgenic plants.
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